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Hox cluster genes play crucial roles in development of the metazoan antero-posterior axis. Functions of
Hox genes in patterning the central nervous system and limb buds are well known. They are also
expressed in chordate endodermal tissues, where their roles in endodermal development are still poorly
understood. In the invertebrate chordate, Ciona intestinalis, endodermal tissues are in a premature state
during the larval stage, and they differentiate into the digestive tract during metamorphosis. In this
study, we showed that disruption of a Hox gene, Ci-Hox10, prevented intestinal formation. Ci-Hox10-
knock-down larvae displayed defective migration of endodermal strand cells. Formation of a protrusion,
which is important for cell migration, was disrupted in these cells. The collagen type IX gene is a
downstream target of Ci-Hox10, and is negatively regulated by Ci-Hox10 and a matrix metalloproteinase
ortholog, prior to endodermal cell migration. Inhibition of this regulation prevented cellular migration.
These results suggest that Ci-Hox10 regulates endodermal strand cell migration by forming a protrusion
and by reconstructing the extracellular matrix.
& 2015 Elsevier Inc. All rights reserved.Introduction
Hox genes constitute a well-known group of transcription factors
(Hueber and Lohmann, 2008). One of the best-documented functions
of the Hox gene cluster is the establishment of the body plan along
the antero-posterior (A-P) axis during metazoan embryogenesis
(Hueber and Lohmann, 2008; Lewis, 1978; Veraksa et al., 2000). In
vertebrates, Hox genes establish the pattern of the central nervous
system (CNS) and vertebrae along the A-P axis and regulate limb bud
formation along the distal–proximal axis (Altmann and Brivanlou,ch and Education Center for
oku-ku, Yokohama 223-8521,
Signaling, RIKEN Center for
achi, Chuo-ku, Kobe, Hyogo
rsity Research, Japan Agency
EC), 2-15, Natsushima-cho,2001; Koussoulakos, 2004; Mallo et al., 2010). In addition, Hox genes
are expressed in the digestive tract in many animals, including sea
urchins, urochordates, zebraﬁsh, chicks, and mice (Arenas-Mena
et al., 2006; Doodnath et al., 2012; Ikuta et al., 2004; Zacchetti et al.,
2007). In mice, several Hox genes are expressed in the gut and reg-
ulate the size of the cecum. Mutations of Hoxa-13 and Hoxd-13 lead
to malformation of the hindgut (Zacchetti et al., 2007). These studies
suggest important roles for Hox genes information of endodermal
organs; however, cellular and molecular mechanisms of Hox genes in
endoderm formation remain largely unknown.
In the ascidian, Ciona, a single Hox gene complement has been
identiﬁed (Dehal et al., 2002), containing only 9 genes on two
chromosomes (Ikuta and Saiga, 2005; Shoguchi et al., 2006). Ciona
Hox genes show residual, spatial colinearity in the CNS during
embryogenesis and in the gut during juvenile development (Ikuta
et al., 2004). The latter expression pattern suggests that ascidian Hox
genes may participate in gut patterning or development. Indeed, it
was recently reported that Ciona Hox1 (Ci-Hox1) is required for
anterior gut formation (gills and pharynx) via regulation of larval,
atrial siphon primordium formation (Sasakura et al., 2012).
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trunk endoderm and tail endodermal strand. The digestive tract is
formed from both trunk endoderm and endodermal strand (Hirano
and Nishida, 2000). A recent study has shown that endodermal
strand forms the intestine by migrating toward the trunk, before
initiation of tail absorption (Nakazawa et al., 2013). Ci-Hox10, the
Ciona Hox10 orthologous gene (Wada et al., 2003), is expressed in
posterior trunk endoderm and endodermal strand, as well as in
some neural cells in the CNS of tailbud embryos, and in the intestine
of juveniles (Ikuta et al., 2004). Although it was shown that Ci-Hox10
functions in differentiation of GABAergic neurons in the larval motor
ganglion (Ikuta et al., 2010), function of Ci-Hox10 in endodermal
tissue remains unknown. Here we show that Ci-Hox10 is required for
the formation of the intestine during metamorphosis. Disruption of
Ci-Hox10 causes defective migration of larval endodermal strand
cells, which is necessary for intestinal formation. We show that a
gene encoding collagen type IX is a downstream target of Ci-Hox10,
and a gene encoding a matrix metalloproteinase (MMP) is required
for migration of the endodermal strand in concert with Ci-Hox10.
These results suggest that Ci-Hox10 promotes migration of endo-
dermal strand cells by reconstructing the extracellular matrix (ECM)
around the cells together with the MMP.Materials and methods
Animals
Wild-type Ciona intestinalis were collected from or cultivated at
Maizuru (Kyoto), Mukaishima (Hiroshima), and Usa (Kochi). The
EGFP-transgenic line EJ[MiTSAdTPOG]107 (Yoshida and Sasakura,
2012) was used as the juvenile gut marker line and the Kaede-
transgenic line Tg[MiCiZipCifkhK]1 (Nakazawa et al., 2013) was used
as the marker line for endodermal strand. Transgenic animals were
cultured in an inland system described previously (Joly et al., 2007).
Constructs and morpholino oligonucleotides (MOs)
A full-length Ci-Hox10 open reading frame (ORF) was inserted
into the multicloning site of pBS-HTB (Akanuma et al., 2002) or pSP-
eCFP-ter (Sasakura et al., 2012). To introduce silent mutations at the
morpholino oligonucleotide (MO) binding site of Ci-Hox10, PCR was
performed using the primers 5′-AAGTAAGGAAAGCGACAAACAC-3′
and 5′-GTTTGTGGTTGGATGTCCAT-3′ to create pHTB-Ci-Hox10sm. A
NotI fragment of a cis element of Ci-Titf1 and a PstI-NotI fragment of a
cis element of Ci-Bra were isolated from pTitf1-eCFP-Hox1 (Sasakura
et al., 2012) and pMiCiBraG (Sasakura et al., 2010; Satou et al.,
2001b), respectively. These cis elements were inserted into pSP-
eCFP-Ci-Hox10 or pSP-Kaede to create pTitf1-CFP-Hox10, pBra-CFP-
Hox10, and pTitf1-Kaede. An enhancer of Ci-Zip was ampliﬁed by
PCR using primers 5′-TTTCTGCAGTGCTGACTCGGATGTATG-3′ and 5′-
TTGGATCCTTGTGGAAAAGCATCAA-3′, according to previous work
(Shi et al., 2009). It was then fused with the Ci-fkh basal promoter,
which includes 148 bp upstream from the initiation codon (pZip)
(Hozumi et al., 2013). The cis element was inserted into pSP-eCFP-Ci-
Hox10 and pSP-Kaede to create pZip-CFP-Hox10 and pZip-Kaede,
respectively. A NotI–EcoRI fragment of a Venus YFP-CAAX fragment
and a NotI–BglII fragment of an H2B-mcherry fragment were isolated
from pSPVCAAX and pSPCiEpi1H2BmCherry, respectively (Ogura
et al., 2011) and inserted into pZip-CFP-Hox10 to create pZip-VCAAX
and pZip-H2B-mcherry. A full length Ci-type IX-Col 1α-chain ORF
(Vizzini et al., 2002) with NotI and EcoRI restriction sites was
ampliﬁed by PCR using primers 5′-CCTTGCGGCCGCAATGTTCAT-
GAACAAGAG-3′ and 5′-CGGAATTCTTAAAACTGAATATCATT-3′ and
cima 820489 (a Full ORF gateway compatible clone) as the template
(Roure et al., 2007), with which the eCFP cassette of pSP-eCFP-terwas replaced to create pSP-COL9-1A. pZip was inserted into pSP-
COL9-1A. DNA constructs were linearized with restriction enzymes
for microinjection.
The ATG-MO against Ci-Hox10 has been reported in a previous
manuscript (Ikuta et al., 2010). The ATG-MO against Ci-CesA has
been reported in Sasakura et al. (2005). The sequences of splicing
disruptor MOs against Ci-type IX-Col 1α-chain and Ci-MMP-2/9/13
were 5′-ATTCAACAAACTTACATCCGCTGGT-3′ and 5′-AGTCTCCCT-
GAAAACCACAAATGTT-3′ respectively. They were microinjected at
concentrations from 0.25 to 1 mM.
pHTB-Ci-Hox10smwas linearized with KpnI, and then was used
as a template for in vitro synthesis of 5′-capped mRNA with an
mMESSAGE mMACHINE T3 kit and Poly(A) Tailing kit (Ambion).
Unfertilized eggs were microinjected with synthetic 5′-capped
mRNAs, DNA constructs, and/or MO in approximately 30 pL of
solution, as described previously (Satou et al., 2001). Eggs were
inseminated with sperm of wild-type animals or the EJ[MiT-
SAdTPOG]107 transgenic line. After insemination, embryos were
reared at about 18 °C.
Tracing endodermal strand cells using photo-convertible protein,
Kaede
Embryos injected with pZip-Kaede were cultured until middle
tailbud stage. To photo-convert Kaede, ultraviolet light was used to
irradiate whole embryos for several seconds using a ﬂuorescent
microscope (Axio 10, Carl Zeiss). After irradiation, embryos were
cultured under dark conditions to prevent additional photo-conver-
sion until observation.
TALE nuclease (TALEN)-based knockout
Plasmid vectors expressing TALENs were constructed according
to previous work (Sakuma et al., 2013a; Sakuma et al., 2013b;
Treen et al., 2014). Binding sites of TALENs for Ci-Hox10 and Ci-
MMP-2/9/13 were 5′-ACACAAAATATCAACT-3′ and 5′-AGAATTT-
CATTACAATC-3′, and 5′-ACACACCAGACATGAGT-3′ and 5′-ACA-
CATTCAAGAGAGC-3′, respectively. The full TALEN was ligated into
a pBluescript-based vector, and the enhancer of Ci-Zip was then
inserted upstream of the TALENs by ligation into restriction sites
(pZip4TALENs). A pCiEpi1mCherry cassette was ligated into a SacI
site upstream of the TALEN gene and promoter. Likewise, TALENs
were assembled with a promoter of the ubiquitously expressed
gene Ci-EF1α, and expression vectors (pEF14TALENs) were used
to examine whether the constructed TALEN pairs could introduce
mutations at target sites, according to Treen et al. (2014).
DNA electroporations were performed on dechorionated, fer-
tilized eggs using standard procedures (Corbo et al., 1997). 60 μg
DNA was electroprated in 800 μL mannitol seawater. To visualize
the endodermal strand, eggs were fertilized with sperm from the
transgenic line Tg[MiCiZipCifkhK]1.
TALEN-electroporated embryos were observed for expression of
mCherry ﬂuorescence. Embryos (developed from eggs into which
pZip4TALENs were electroporated) with strong expression were
selected to observe migration of the endodermal strand. For
detecting mutations at target sites, 50–100 embryos (developed from
eggs into which pEF14TALENs were electroporated) with strong
expression were isolated and genomic DNA was extracted using a
Wizard Genomic DNA Isolation Kit (Promega). TALEN-targeted
regions were ampliﬁed by PCR using ExTAQ DNA polymerase
(Takara) to detect introduction of mutations. Primers used for PCR
were: 5′-AAGCTGACCCAACGAAACATTG-3′ and 5′-ATCTAGCTACAA-
CAATAGCAGC-3′ for Ci-Hox10, and 5′-AAGCGAACAGAATACAGCA-
CAC-3′ and 5′-ATGACGACACAAAACGGATCTC-3′ for Ci-MMP2/9/13.
N. Kawai et al. / Developmental Biology 403 (2015) 43–56 45Reverse transcription-PCR (RT-PCR)
Total RNA was isolated from the tails of 18-hour post-fertilization
(hpf) larvae with ISOGEN (Nippon Gene), according to the manufac-
turer's instructions. Reverse transcription was performed with Super-
Script III (Invitrogen), using Oligo(dT)18 primer according to the
manufacturer's instructions. Reverse-transcribed cDNA was subjected
to PCR with the primer sets (5′-CCTTGCGGCCGCAATGTTCATGAA-
CAAGAG-3′ and 5′-GGGCCTACTTCTCCC-3′ for Ci-type IX-Col 1α-chain
variant 1 (COL9-1A_v1), 5’-CCTTGCGGCCGCAATGGGACTTCCAAGCG-3’
and 5′-GGGCCTACTTCTCCC-3′ for Ci-type IX-Col 1α-chain variant 2
(COL9-1A_v2) and 5′-CCTTGCGGCCGCAATGTGTTTATCATGTTCAT-3′
and 5′-GGGCCTACTTCTCCC-3′ for Ci-type IX-Col 1α-chain variant 3
(COL9-1A_v3). As a control, the EF1a gene was ampliﬁed by PCR using
the primers 5′-TTGGACAAACTTAAGGCCGAGC-3′ and 5′-GTCTCCAG-
CAACATAACCTCTC-3′ (Ohta et al., 2010).
Live imaging and measurement of cell length
To perform live imaging of endodermal strand cells, we micro-
injected pZip-VCAAX and pZip-H2B-mcherry (linearized with BglII)
into unfertilized eggs. At 17–18 hpf, embryos were mounted on a
glass-based dish ﬁlled with sea water (SW), including 0.02% MS222
(Sigma), and time-lapse 3D imaging was performed using an FV10i
confocal microscope (Olympus) at 18 °C. The recording interval was
either 15 or 30 min. At each time point, z-stack images were gen-
erated in the Fluoview viewer (Olympus). We also used an AxioI-
mager Z1 wide-ﬁeld ﬂuorescent microscope system (Carl Zeiss) to
observe live larvae and juveniles. Cell length in the z-stack live
images described above was measured with Image J software (http://
rsbweb.nih.gov/ij/).
Whole-mount in situ hybridization (WISH)
WISH was carried out as described previously (Wada et al., 1995)
with the modiﬁcation that embryos were ﬁxed with 4% paraf-
ormaldehyde in SW for more than a day. In the cleavage arrest
experiment, embryos were treated with 3 μg/ml Cytochalasin B in
SW at the 110-cell stage and incubated until untreated controls
reached middle tailbud stage. Then they were ﬁxed. The cDNA clone
ID, GC26k11, of the C. intestinalis gene collection (Satou et al., 2002)
and the cima880109 clone of Gateway full ORF clones (Roure et al.,
2007) were used as templates to synthesize digoxigenin-labeled
probes for detecting all Ci-type IX-Col 1α-chain variants. For variant-
speciﬁc detection of Ci-type IX-Col 1α-chain, the coding region of Ci-
type IX-Col 1α-chain variant 1 (Ci-COL9-1A_v1, probe 1 in Fig. 6E) and
Ci-type IX-Col 1α-chain variant 2 (Ci-COL9-1A_v2, probe 2 in Fig. 6E)
were ampliﬁed by PCR using cDNA isolated from tailbud embryos as
template, with the following primers (5′-GGACTTCCAAGCGAAT-3′
and 5′-TTTGCGTTGTTTTTCC-3′ for variant 1, and 5′-GGCACCGA-
CACTTTTAC-3′ and 5′-AATCCGCTGGTGGGT-3′ for variant 2). PCR
fragments were subcloned into pGEMT vector (Promega).
Chemical inhibitors
Cytochalasin B (Wako), NNGH (Enzo Life Science, BML-PI115),
CL-82198 (Enzo Life Science, BML-EI302), MMP-8 inhibitor I (Cal-
biochem, 444237), GM6001 (Calbiochem, 364205), MMP-2/MMP-9
inhibitor I (Calbiochem, 444241) and PF-356231 (Santa Cruz, sc-
222151) were prepared as stock solutions in DMSO. Treatment of
embryos with NNGH, CL-82198, MMP-8 inhibitor I, GM6001, MMP-
2/MMP-9 inhibitor I and PF-356231 was started at 16 hpf, and
treatment with the other reagents was started at 18 hpf. We
observed animals at 26 hpf to see whether migration of endodermal
strand cells occurred. To visualize endodermal strand cells, we
introduced the pZip-Kaede construct into eggs by microinjection orelectroporation. All inhibitor treatments were repeated at least
twice.
Microarray analysis
Gene expression proﬁles between the tail region of Ci-Hox10-
MO (0.64 mM)-injected embryos and control embryos at the tail-
bud stage (18 hpf) were compared by microarray analysis of two-
color detection (Satou et al., 2005). cRNA targets labeled with
Cyanine-3 or Cyanine-5 CTP were synthesized from 200 ng total
RNA using a Quick Amp Labeling Kit (Agilent Technologies). A set
of ﬂuorescently labeled cRNA targets was employed in a hybridi-
zation reaction with the Ciona oligoarray (Agilent Technologies;
NCBI GEO Accession no. GPL5576) using an in situ Hybridization
Kit Plus (Agilent Technologies) according to the manufacturer's
protocol, and then scanned on an Agilent Technologies G2565BA
microarray scanner system with SureScan technology. Intensity of
labeling was determined from scanned microarray images using
Feature Extraction 10.7 software (Agilent Technologies). Data ser-
ies have been deposited at NCBI GEO under the accession number,
GSE 45475.
Phylogenetic analyses of MMP proteins
Amino-acid sequences of Ciona proteins were retrieved from
the KH gene model (Satou et al., 2008a) at the Ghost website
(http://ghost.zool.kyoto-u.ac.jp/cgi-bin/gb2/gbrowse/kh/). Retrie-
ved sequences were aligned using T-COFFEE (Notredame et al.,
2000). Maximum likelihood trees were constructed using PHYML
(Guindon and Gascuel, 2003) as previously done (Satou et al.,
2008b) with a modiﬁcation of the amino-acid substitution matrix
from WAG to LG (Le and Gascuel, 2008).Results
Ci-Hox10 is required for migration of endodermal strand cells to form
the juvenile intestine
To examine whether Ci-Hox10 is involved in development of
the juvenile gut, we knocked-down Ci-Hox10with an MO designed
to disrupt this gene function. To visualize the gut, we used the
transgenic line EJ[MiTSAdTPOG]107, which speciﬁcally expresses
EGFP in the gut (Fig. 1A; Yoshida and Sasakura, 2012). Seven days
post-fertilization (dpf) we examined the guts of knock-down
juveniles. Control juveniles showed an EGFP signal throughout the
entire gut, including the esophagus, stomach, and intestine
(Fig. 1A). In contrast, juveniles injected with Ci-Hox10-MO did not
display an EGFP signal in the intestine, while ﬂuorescence indi-
cated its presence in the esophagus and stomach (Fig. 1B). The
absence of the intestine was conﬁrmed by observation with bright
ﬁeld microscopy (Fig. 1B), suggesting that Ci-Hox10 is required for
formation of the juvenile intestine. Stomachs of Ci-Hox10 mor-
phants were bigger than controls, probably due to food clogging,
and they died within several days (Figs. 1B and 3B). Ci-Hox10-MO-
injected juveniles showed ectopic ﬂuorescence in the tail debris
(Fig. 1B). Since the juvenile intestine originates from the larval
endodermal strand (Hirano and Nishida, 2000; Nakazawa et al.,
2013), we then focused on the endodermal strand, which is loca-
ted on the ventral side of the larval tail (Fig. 2A, line). To visualize
the endodermal strand, we used the Kaede reporter protein (Ando
et al., 2002) driven by the Ci-Zip enhancer, which drives expres-
sion of the reporter in endodermal strand and in part of the CNS
(Shi et al., 2009). In control larvae, endodermal strand cells moved
anteriorly and almost all of them entered the trunk by 26 hpf
(Fig. 2B and Supplementary Movie 1). In contrast, in larvae
Fig. 1. Ci-Hox10 is necessary for formation of the intestine. (A) A 7-dpf juvenile of
the transgenic line EJ[MiTSAdTPOG]107, showing EGFP ﬂuorescence in the gut.
(B) A juvenile injected with Ci-Hox10-MO lacked the intestine. High magniﬁcation
image is shown in the inset. White and open arrowheads indicate the intestine and
degenerated tail, respectively. Left panels are ﬂuorescent images and right panels
are merged with bright ﬁeld images. ES, endodostyle; Eso, esophargus; S, stomach.
Lateral view. Ventral is left. Bar, 100 μm.
N. Kawai et al. / Developmental Biology 403 (2015) 43–5646injected with Ci-Hox10-MO, endodermal strand cells remained in
the tail at 26 hpf and later (Fig. 2C and Supplementary Movie 2).
Supplementary material related to this article can be found
online at doi:10.1016/j.ydbio.2015.03.018.
To determine whether the Ci-Hox10-MO caused the defective
migration of endodermal strand cells by speciﬁc knock-down of Ci-
Hox10 function, we performed a rescue experiment using Ci-
Hox10mRNA having mismatch sequences at the MO target site
(Ci-Hox10sm). Microinjection of Ci-Hox10sm mRNA did not cause
defective migration of endodermal strand cells (Fig. 2E). When Ci-
Hox10-MO and Ci-Hox10sm mRNA were simultaneously introduced
into embryos, their endodermal strand cells migrated as in control
larvae (Fig. 2F). eCFP and wild type Ci-Hox10mRNA could not rescue
the migration defect caused by the Ci-Hox10-MO (Fig. 2G and H). To
further conﬁrm that Ci-Hox10 is necessary for migration of the
endodermal strand, we performed a conditional knockout of Ci-
Hox10 in endodermal strand cells using the TALE nuclease (TALEN)
constructs that efﬁciently introduce mutations in Ci-Hox10 (Supple-
mentary Fig. S1A). When the Ci-Hox10 TALENs were expressed in
endodermal strand with the enhancer of Ci-Zip, migration of the
endodermal strand was impaired (Fig. 2D). We scored the larvae
based upon the position of the posterior end of the endodermal
strand at 26 hpf (Fig. 2I). The majority of control larvae and Ci-
Hox10smmRNA-injected larvae had their endodermal strand ends in
the anterior part of the tail (anterior in Fig. 2I; 92% and 70.5%,
respectively). On the other hand, most larvae injected with Ci-Hox10-
MO or Ci-Hox10-TALEN had their endodermal strand ends in the
posterior part of the tail (posterior in Fig. 2F; 97% and 44%, respec-
tively). Half of the larvae subjected to simultaneous injection of Ci-
Hox10-MO and Ci-Hox10sm mRNA showed migration of the endo-
dermal strand to the middle or anterior parts of the tail (29% in
anterior and 24% in middle in Fig. 2F). These results indicate thatendodermal strand cell migration impaired by Ci-Hox10-MO was
ameliorated by Ci-Hox10mRNA.
We next observed the fate of non-migratory endodermal strand
cells in Ci-Hox10-MO morphants. To trace larval endodermal
strand cells speciﬁcally during metamorphosis, we utilized photo-
convertibility of Kaede ﬂuorescent protein (Ando et al., 2002;
Horie et al., 2011). Endodermal strand cells expressing Kaede-
green protein driven by the Ci-Zip enhancer were subjected to UV
irradiation at the tailbud stage, causing Kaede to ﬂuorescence red.
Then endodermal strand cells labeled with Kaede-red were traced
after metamorphosis to observe where they were positioned. In
control juveniles, red-colored cells constituted the intestine
(Fig. 3A), as was shown previously (Nakazawa et al., 2013). In
contrast, in Ci-Hox10-MO-injected juveniles, which did not have
an intestine, Kaede-red signals were observed in the absorbed tail
region (Figs. 1B and 3B, 80%, n¼20), suggesting that non-migra-
tory endodermal strand cells were absorbed into the trunk along
with other tail cells during metamorphosis. These Kaede-red cells
did not show further migration and they remained in the tail
debris until their ﬂuorescence disappeared. Juveniles into which a
rescue construct of Ci-Hox10 and MO were simultaneously injec-
ted, had shorter intestines than controls, but they were evidently
connected with the expanded stomach (27%, n¼33, Fig. 3D). From
these results, we conclude that Ci-Hox10 is necessary for the
intestinal formation by promoting migration of endodermal strand
cells toward the trunk before metamorphosis.
The direction of endodermal strand cell migration is independent
of cues from anterior and posterior tissues
Signaling molecules play an important roles in directing the
orientation of migrating cells (Bae et al., 2012; Lin et al., 2010). In
Ciona, the trunk and the tail tip of the tailbud embryo express
some signaling molecules such as FGF and Wnt (Ikuta et al., 2010;
Imai et al., 2004; Pasini et al., 2012). To determine whether
endodermal strand cell migration depends on signaling cues from
the trunk and/or tail tip, we excised these regions before onset of
endodermal strand cell migration. In these manipulated larvae,
endodermal strand cells migrated anteriorly, as in intact larvae
(Supplementary Movie 3–6). These results suggest that endo-
dermal strand cell migration does not depend on signaling cues
from the trunk or tail tip, although we cannot rule out the possi-
bility that some signaling cues from anterior and posterior tissues
stimulate endodermal strand cells at an earlier stage (see Discus-
sion section). We sometimes observed several endodermal strand
cells separated from other endodermal strand cells, migrating
posteriorly in intact larvae (Supplementary Movie 1). This phe-
nomenon also suggests that the orientation of endodermal strand
cell migration is not determined rigidly by signaling cues from
anterior and posterior tissues.
Supplementary material related to this article can be found
online at doi:10.1016/j.ydbio.2015.03.018.
Ci-Hox10 causes migration of endodermal strand cells by controlling
protrusion formation and elongation along the A-P axis
We focused on protrusion of endodermal strand cells because
migrating cells actively form protrusions in various animals,
including Ciona (Arjonen et al., 2011; Christiaen et al., 2008; Kal-
tenbach et al., 2009; Mizoguchi et al., 2008). We injected eggs with
a construct to express membrane-bound Venus-YFP, driven by Ci-
Zip enhancer (pZip-VCAAX), which yielded tailbud embryos with
various numbers of labeled endodermal strand cells. In order to
clearly assess the presence of endodermal strand cell surface
protrusions in larvae at 22 hpf, when endodermal strand cells are
actively migrating, we focused on endodermal strand cells with
Fig. 2. Ci-Hox10 is necessary for migration of endodermal strand cells. (A–H) Larvae, in which the endodermal strand was visualized with Kaede-green ﬂuorescence, were
photographed at 18 hpf (A) and 26 hpf (B–H). Arrows indicate the posterior end of the endodermal strand. (A) A control larva showing endodermal strand cells on the ventral
side of the tail prior to migration. A bracket and a line indicate trunk endoderm and endodermal strand, respectively. (B) A control larva showing completed migration of
endodermal strand cells into the trunk. (C) A larva injected with Ci-Hox10-MO showing disruption of endodermal strand cell migration. (D) A larva electroporated with pZip-
Ci-Hox10-TALEN pair showing disruption of endodermal strand cell migration. Magenta indicates expression of RFP in the epidermis as the marker of TALEN vectors. (E) A
larva injected with Ci-Hox10smmRNA showing migration of endodermal strand cells. (F) A larva injected with Ci-Hox10-MO and Ci-Hox10smmRNA. Migration of endodermal
strand cells occurred in this larva. (G) A larva injected with Ci-Hox10-MO and eCFP mRNA. Migration of endodermal strand cells was disrupted. (H) A larva injected with Ci-
Hox10-MO and Ci-Hox10mRNA. Migration of endodermal strand cells was disrupted. (I) The proportion of larvae categorized according to the position of the posterior end of
the endodermal strand at 26 hpf. The schematic illustration on the right indicates the categories. Green, red, and yellow indicate the percentages of larvae with the posterior
end of the endodermal strand at the anterior, middle, and posterior positions, respectively. Control larva injected with pZip-Kaede. Numbers at the top of the graph show the
number of animals counted. Images have been assembled from a set of partial micrographs of same larva (see dotted lines in A–H). Left is anterior. Bar, 100 μm.
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counted the number of protrusions on the cell surfaces of all
observed cells (Fig. 4D). The number of protrusions per cell was
signiﬁcantly reduced in larvae injected with Ci-Hox10-MO com-
pared with control larvae (Fig. 4D, po0.01). The surfaces of Ci-
Hox10-knock-down endodermal strand cells were noticeably
smoother than control cells (Fig. 4B and C). These results suggest
that Ci-Hox10 enables migration of endodermal strand cells
through regulation of protrusion formation.
Migrating cells show an active shape change, reﬂecting the
direction they move. This includes anterior extensions and pos-
terior contractions (Sheetz et al., 1999). We observed this endo-
dermal strand cell behavior using time-lapse live imaging (30 min
intervals) of 19–22 hpf larvae injected with pZip-VCAAX. Migrat-
ing endodermal strand cells also showed changes in size. However,
we could not measure full cell size because cell width in live
images reﬂected the different focal planes of the cells and we wereunable to determine the orientation of observed cells with respect
to the dorsal, ventral, or lateral sides. Therefore we noted cell
length along the A-P axis. We found that the length of endodermal
strand cells changed dramatically during their migration along the
A-P axis (Fig. 5A). We traced migrating endodermal strand cells in
the tail of embryos (19–22 hpf) and determined the maximal and
minimal cell length along the A-P axis. The difference of maximum
and minimum length of each cell along the A-P axis during live
imaging was used to quantify the degree of cell elongation and
contraction. Larger scores indicate more active cell movement.
Endodermal strand cells of control larvae showed a mean
1473.4 μm elongation (Fig. 5D). In contrast, endodermal strand
cells of Ci-Hox10-MO-injected larvae showed only 8.774.0 or
8.573.6 μm, according to the amount of MO injected (Fig. 5B–D).
This result suggests that Ci-Hox10 is involved in endodermal
strand cell elongation along the A-P axis during migration.
Fig. 3. Tracing of endodermal strand cells after metamorphosis using the photo-convertible protein, Kaede. Cells labeled with Kaede-red ﬂuorescence originated from larval
endodermal strand cells. White and open arrowheads indicate the intestine and degenerated tail, respectively. Left is toward the ventral side. (A) A control juvenile showing
Kaede-red signals in the intestine (white arrowhead). (B) A juvenile injected with Ci-Hox10-MO lacked the intestine and a strong Kaede-red signal was seen in the
degenerating tail (open arrowhead). (C) A juvenile injected with Ci-Hox10sm mRNA had an intestine derived from endodermal strand. (D) A juvenile injected with Ci-Hox10-
MO and Ci-Hox10sm mRNA. The intestine was formed (white arrowhead). Numbers in the panels indicate the number of juveniles having an intestine and the total number
of counted animals. ES, endodostyle; Eso, esophargus; S, stomach. Bar, 100 μm.
Fig. 4. Protrusions are formed in endodermal strand cells during migration. (A–C) The shape of endodermal strand cells was visualized with membrane-bound Venus-YFP.
Each photo was taken with confocal microscopy at 22 hpf. Different cell sizes among these panels reﬂect dynamic changes of cell shape during migration and differences in
the photographic plane. (A) An endodermal strand cell of a control larva. (B and C) Endodermal strand cells of an embryo injected with the solution containing 0.64 mM Ci-
Hox10-MO (B) and 1 mM Ci-Hox10-MO (C). White arrowheads indicate a protrusion. Left is anterior. Bar, 10 μm. (D) The number of protrusions per cell. A Shapiro–Wilk test
showed that the values in the individual groups were not normally distributed. P-values were calculated using a Mann–Whitney U test. Numbers at the top of the graph
indicate the total numbers of cells and embryos counted.
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Fig. 5. Expansion and contraction of migrating endodermal strand cells. (A–C) To measure lengths of endodermal strand cells and to distinguish each cell, cell membranes
and nuclei were labeled with Venus-YFP and mCherry ﬂuorescent proteins, respectively. Each photo was taken with confocal microscopy using live larvae at 19–22 hpf.
Lengths of endodermal strand cells were measured at 30 min intervals for 3 h. (A) Endodermal strand cells in a control larva. (B and C) Endodermal strand cells in larvae
injected with the solution containing 0.64 mM Ci-Hox10-MO (B) and 1 mM Ci-Hox10-MO (C). Lines in the panels indicate cell length along the A-P axis. Left is anterior. Bar,
10 μm. Size differences of cells along with the axis perpendicular to the A-P axis were caused by differences in the photographic plane. (D) Average difference between
maximum and minimum cell lengths along the A-P axis during the observation period in four endodermal strand cells for each of three embryos. Error bars represent the
mean7the standard deviation. A Shapiro–Wilk test showed that values in individual groups had normal distributions. P-values were calculated using a two-tailed Student's
t-test. Single and double asterisks indicate statistically signiﬁcant decreases in cell length in larvae injected with Ci-Hox10-MO, compared with control embryos.
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Because Ci-Hox10 encodes a transcription factor, it should affect
expression of downstream genes required for migration of endo-
dermal strand cells. To ﬁnd such target genes, using a microarray,
followed by WISH, we carried out a genome-wide survey of genes
that show different expression levels and/or a different expression
pattern between control and Ci-Hox10-knock-down larvae. In the
microarray analysis we compared gene expression proﬁles betw-
een Ci-Hox10-MO-injected and control tailbud embryos, using
RNAs prepared from dissected tails. Of candidate genes showing
differential expression, we focused on genes involved in cell motility
or movement. As a result, we found that Ci-type IX-Col 1α-chain
(gene model: KH.C8.248, hereafter referred to as Ci-COL9-1A), which
encodes collagen type IX (Vizzini et al., 2002), is negatively regulated
by Ci-Hox10. In microarray analysis, expression of this gene was
enhanced about 2.10-fold in Ci-Hox10-knock-down larvae, compared
to controls. WISH showed that Ci-COL9-1A is expressed in endoderm,
endodermal strand, and notochord (Fig. 6A). When Ci-Hox10 was
overexpressed in endoderm and endodermal strand with the cis
element of Ci-Titf1 (Ristoratore et al., 1999; Sasakura et al., 2012) or
the enhancer of Ci-Zip described above, expression of Ci-COL9-1A
was abolished, while its expression in the notochord was unaffected
(Fig. 6B and C). When Ci-Hox10was overexpressed in notochord with
a promoter of Ci-Bra (Corbo et al., 1997), expression of Ci-COL9-1A innotochord lineages was observed (Fig. 6D). This result indicates that
transcriptional suppression of Ci-COL9-1A by Ci-Hox10 is speciﬁc to
endoderm.
The Ciona expressed sequence tag (EST) data set suggests that
Ci-COL9-1A has at least three variants (Ci-COL9-1A_v1, Ci-COL9-
1A_v2 and Ci-COL9-1A-v3; Fig. 6E). To determine which variant is
expressed in endodermal strand, we examined the variant-speciﬁc
expression pattern of these variants by RT-PCR and WISH. RT-PCR
suggested that Ci-COL9-1A_v3 is not expressed in the larval stage,
while other variants are expressed in both (Fig. 6F). WISH
demonstrated that the variants have their own expression domain.
That is, Ci-COL9-1A_v1 is expressed in endodermal strand and
posterior trunk endoderm (Fig. 6G) and Ci-COL9-1A_v2 is expres-
sed in notochord (Fig. 6H). To analyze expression of Ci-COL9-1A_v1
during the larval stage, we utilized Ci-CesA-knock-down larvae
with an MO (Sasakura et al., 2005) to prevent cellulose formation
in the tunic, since cellulose causes a high background signal in
WISH. Expression of Ci-COL9-1A_v1 ceased in endodermal strand
at 18 hpf, about 1 h before initiation of endodermal strand cell
migration (Fig. 6I). We then attempted to determine expression of
Ci-COL9-1A_v1 in Ci-Hox10-knock-down larvae. Larvae injected
with Ci-Hox10-MO showed expression of Ci-COL9-1A_v1 in endo-
dermal strand cells at 18 hpf (Fig. 6J), while control larvae at this
stage no longer express this gene (Fig. 6I). These results indicate
Fig. 6. Expression of Ci-COL9-1A_v1 is regulated by Ci-Hox10. (A–D) Expression of Ci-COL9-1A revealed by WISH using GC26k11 as a probe in control and Ci-Hox10-
overexpressed tailbud embryos (far left) and cleavage arrested at the 110-cell stage onward (next to left). A high magniﬁcation image is shown in the inset (A–D). In cleavage
arrested embryos, black and open arrowheads indicate notochord and endodermal strand lineage, respectively. In A and D, expression of Ci-Bra, a marker for the notochord,
in the tailbud stage embryo is shown (third to left). Probe information is shown in (E). (A) A wild-type embryo, showing expression of Ci-COL9-1A in notochord (black
arrowhead), trunk endoderm, and endodermal strand (open arrowhead). (B) An embryo in which Ci-Hox10 was overexpressed in endoderm. This embryo showed a signal in
notochord (black arrowhead), but not in endoderm. (C) An embryo in which Ci-Hox10 was overexpressed in endodermal strand showed the signal in notochord (black
arrowhead) and trunk endoderm, but not in endodermal strand (open arrowhead). (D) An embryo in which Ci-Hox10 was overexpressed in notochord showed a signal in the
notochord (black arrowhead), endoderm, and endodermal strand (open arrowhead). (E) Schematics of Ci-COL9-1A variants. Blue boxes indicate exons. MO indicates the
targeted site of Ci-COL9-1A_v1-MO. Probes 1 and 2 were used to detect variant-speciﬁc expression. Primers for RT-PCR are shown as arrows. GC26k11 indicates the position
of the probe for WISH shown in (A–D). (F) Expression of Ci-COL9-1A variants in 18 hpf embryos, as revealed by RT-PCR. The number at the top indicates the name of variants.
RTþ and RT indicate the experiments with and without reverse transcription, respectively. EF1α served as the positive control. The asterisk indicates a non-speciﬁc band
observed in RT . (G) Expression of Ci-COL9-1A_v1, as revealed by WISH using probe 1. The signal was seen in trunk endoderm and endodermal strand (open arrowhead).
The upper panel provides a ventral view. (H) Expression of Ci-COL9-1A_v2, as revealed by WISH using probe 2. The signal was seen in notochord (black arrowhead). (I and J)
Expression patterns of Ci-COL9-1A_v1 detected by WISH during the larval stage. A high magniﬁcation image is shown in the inset. (I) A normal larva at 18 hpf before
migration of the endodermal strand started. Ci-COL9-1A_v1was expressed in trunk endoderm, but not in endodermal strand. (J) A larva injected with Ci-Hox10-MO at 18 hpf.
Ci-COL9-1A_v1 was expressed in trunk endoderm and endodermal strand (open arrowhead). Left is anterior. White dotted lines indicate the borderline between notochord
and endodermal strand. Bars, 100 μm.
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before migration of endodermal commences.Temporal regulation of COL9-1A is required for migration of endo-
dermal strand cells
Negative regulation of Ci-COL9-1A expression by Ci-Hox10 suggests
that suppression of Ci-COL9-1A_v1 in endodermal strand triggers
migration of endodermal strand cells toward the trunk. If so, the
absence of Ci-COL9-1A_v1 expression would cause migration ofendodermal strand cells. To examine this possibility, we knocked-
down Ci-COL9-1A_v1 using an MO designed to suppress this gene
function (Supplementary Fig. S2). However, this hypothesis was not
supported; migration of endodermal strand cells was suppressed in
Ci-COL9-1A_v1-knock-down larvae (Fig. 7A and D). An identical result
was obtained by overexpressing Ci-Hox10 speciﬁcally in endodermal
strand with an enhancer of Ci-Zip (Fig. 7B and D), which causes down
regulation of Ci-COL9-1A (Fig. 6B and C). These results suggest that Ci-
COL9-1A is required for migration of endodermal strand cells. We
overexpressed Ci-COL9-1A in endodermal strand; however, modiﬁed
Fig. 7. Ci-COL9-1A_v1 is required for migration of endodermal strand cells. (A–C) Endodermal strand cells were visualized with Kaede-green ﬂuorescence and photographs
were taken at 26 hpf. (A) A larva injected with Ci-COL9-1A_v1-MO showed disruption of endodermal strand cell migration (arrow). (B) Overexpression of Ci-Hox10 mRNA
disrupted migration of endodermal strand cells (arrow). Image has been assembled from a set of partial micrographs of same larva (see dotted lines). (C) Overexpression of
Ci-COL9-1A mRNA had no effects on migration of endodermal strand cells. Left is anterior. Bar, 100 μm. (D) The graph displays the percentage of larvae categorized by the
position of the posterior end of the endodermal strand at 26 hpf. Classiﬁcation categories are shown in Fig. 2I. Embryos were injected with one of three constructs: Ci-COL9-
1A_v1-MO, pZip-CFP-Hox10 or pZip-COL9-1A_v1. The top of the graph shows the number of counted animals.
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and D). This suggests that transcriptional repression of Ci-COL9-1A by
Ci-Hox10 cannot fully explain the initiation of endodermal strand cell
migration, implying that the temporal loss of Ci-COL9-1A through
combinatorial mechanisms of transcriptional repression by Ci-Hox10
coupled with post-transcriptional/translational regulation of this
gene, is involved in migration of endodermal strand cells.
In humans, collagen type IX is degraded speciﬁcally by matrix
metalloproteinases (MMP) 3 and 13 (Bonassar et al., 1995; Knauper
et al., 1997; Okada et al., 1989). We searched for MMP homologs in
the Ciona genome (Dehal et al., 2002), and found seven genes
encoding proteins similar to human MMPs. To characterize the
orthology of these MMP-like proteins, we carried out molecular
phylogenetic analyses of MMPs using amino-acid sequences of zinc-
dependent metalloproteinase domains (Fig. 8A). The resulting phy-
logenetic tree showed that gene model number KH.L76.4 belongs to
the same group as human MMP 2, 9, and 13 with relatively high
bootstrap values, suggesting that KH.L76.4 is orthologous to human
MMP 2, 9, and 13. Best-hit analyses with BLAST also supported their
homology. The protein encoded by KH.L76.4 showed the greatest
similarity to MMP 2 among human proteins, and human MMP
2 showed the greatest similarity to KH.L76.4 among Ciona proteins.
Therefore we named this gene Ci-MMP-2/9/13. We could not ﬁnd a
Ciona gene orthologous to human MMP 3. WISH showed that Ci-
MMP-2/9/13 is expressed in endodermal strand of tailbud embryos
(Fig. 8B). To demonstrate that Ci-MMP-2/9/13 is required for migra-
tion of endodermal strand cells, we microinjected the MO thatknocks down Ci-MMP-2/9/13 by disrupting its splicing (Supplemen-
tary Fig. S3). Ci-MMP-2/9/13-knock-down larvae showed incomplete
migration of the endodermal strand, like Ci-Hox10 morphants
(Fig. 8C; Supplementary Fig. S4B and C ). Likewise, knockout of Ci-
MMP-2/9/13 with TALENs that target this gene (Supplementary
Fig. S1B) resulted in endodermal strand migration failure (Fig. 8C and
Supplementary Fig. S4D), suggesting speciﬁcity of the effects caused
by both MO and TALENs. In the experiment using TALENs, we
expressed TALENs speciﬁcally in endodermal strand, suggesting that
Ci-MMP-2/9/13 expressed in endodermal strand is necessary for
controlling migration of the endodermal strand.
Next, we examined whether proteolytic activity of Ci-MMP-2/
9/13 is responsible for migration of the endodermal strand. For
this purpose, we utilized CL-82198 and NNGH, two inhibitors
against human MMP-13 (Hernandez Rios et al., 2009; MacPherson
et al., 1997). Both inhibitors blocked migration of the endodermal
strand (Fig. 8D and Supplementary Fig. S5). Human MMP-13 is
known as collagenase, while MMP-2 and MMP-9 are gelatinases
(Nagase et al., 2006). To further examine whether collagenase
activity is required for migration of the endodermal strand, we
treated embryos with four additional MMP inhibitors. Among the
inhibitors, MMP-8 inhibitor I strongly inhibited migration of
endodermal strand cells, and GM6001 showed a moderate inhi-
bition (Fig. 8D and Supplementary Fig. S5). The inhibitors that
impair migration of endodermal strand cells are both collagenase
inhibitors. (See the discussion about the relationship between
MMP-8 and Ci-MMP-2/9/13.) In contrast, MMP-2/MMP-9 inhibitor
Fig. 8. MMP regulates migration of endodermal strand cells. (A) A phylogenetic tree of MMPs generated by the maximum-likelihood method. Ciona proteins are identiﬁed
with underlines. “hMMP” and “DmMMP” indicate human and Drosophila MMPs, respectively. The number at each branch indicates the percentage of times that a node was
supported in 1000 bootstrap pseudoreplications. The scale bar indicates an evolutionary distance of 0.1 amino acid substitutions per position. (B) Expression of Ci-MMP-2/9/
13 at the middle tailbud stage, as revealed by WISH. The arrowhead indicates the endodermal strand. Left is anterior and top is toward dorsal. Bar, 100 μm. (C and D) The
graph displays the percentage of larvae categorized by the position of the posterior end of the endodermal strand at 26 hpf. Categories of positions are presented in Fig. 2I.
(C) Embryos were injected with Ci-MMP-2/9/13-MO or electroporated with pZip-Ci-MMP-2/9/13-TALEN pair. (D) Larvae were treated with DMSO, CL-82198, NNGH, both CL-
82198 and NNGH, MMP-8 inhibitor I, GM6001, MMP-2/MMP-9 inhibitor I and PF-356231 from 16 hpf to 26 hpf. The top of the graph shows the number of counted animals.
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From these data, we conclude that degradation of collagens is
important for migration of endodermal strand cells. In other
words, Ci-COL9-1A is necessary for migration of endodermal
strand cells, but then collagens, including Ci-COL9-1A protein, need
to be degraded to some extent by MMP during the larval stage to
initiate proper migration of endodermal strand cells. Reduction of
Ci-COL9-1A levels could be achieved by two mechanisms: tran-
scriptional silencing by Ci-Hox10 and Ci-MMP-2/9/13-mediated
proteolysis.Discussion
In the present study, we showed that Ci-Hox10 is required for
the formation of the Ciona juvenile intestine via regulation of
endodermal strand cell migration toward the trunk during thelarval stage. When Ci-Hox10 function was disrupted in endodermal
strand cells, they failed to form protrusions and their motility was
reduced. The gene encoding collagen type IX is a downstream
target of Ci-Hox10. Ci-COL9-1A is necessary for migration of
endodermal strand cells. Curiously, Ci-Hox10 suppresses expres-
sion of Ci-COL9-1A at the onset of endodermal strand cell migra-
tion. Moreover, collagenase activity, including that of Ci-MMP-2/9/
13, is also necessary for migration. Taken together, proteolysis of
the extracellular matrix (ECM) proteins surrounding endodermal
strand cells, speciﬁcally collagen ﬁbrils crosslinked by Ci-COL9-1A
protein (Eyre et al., 2004) and cessation of Ci-COL9-1A transcrip-
tion, is required for proper migration of endodermal strand cells.
Probably this temporal regulation introduces gaps in the ECM to
allow migration of endodermal strand cells. A model for regulation
of migration of endodermal strand cells based on our results is
shown in Fig. 9.
Fig. 9. Endodermal strand cell migration. In normal (rather than WT) animals before 18 hpf, collagen ﬁbers surrounding endodermal strand cells are tightly packed with
Ci-COL9-1A and endodermal strand cells do not move. After 18 hpf, Ci-COL9-1A is decreased by Ci-Hox10 and MMP as shown in the right-hand column, which weakens the
association of collagen ﬁbers. Endodermal strand cells start to move anteriorly using their protrusions. In Ci-Hox10 morphants, endodermal strand cells do not migrate
because the supply of Ci-COL9-1A does not stop and protrusion formation is arrested. In the right-hand column, black words and arrows indicate active pathways, and gray
ones indicate inactive pathways or reduction of genes and proteins. A medium gray label in the right-hand column on 18 hpf  WT indicates partial degradation of collagens,
including Ci-COL9-1A protein.
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the trunk near the esophagus, where tail cells are degraded (Clo-
ney, 1978). Endodermal strand cells migrate to the trunk prior to
tail absorption. In Ci-Hox10-MO injected juveniles, endodermal
strand cells were absorbed with other tail cells (Fig. 1). Our
observations suggest that endodermal strand cells remaining in
the tail cannot form the intestine, even though they are brought
into the trunk by tail absorption. These endodermal strand cells
share the same fate as other tail cells and gradually disappear. Our
previous study has shown that under normal conditions, endo-
dermal strand cells continue to migrate in the trunk toward the
left side of the body where they form the intestine (Nakazawa
et al., 2013). Ci-Hox10-knock-down endodermal strand cells do not
move even after they reach the trunk by tail absorption, because
they fail to form protrusions, and that failure apparently blocks
formation of the intestine.
In contrast to the necessity of Ci-Hox10 for migration of endo-
dermal strand cells, Ci-Hox10 may not be required for differ-
entiation of those cells into gut cells. Endodermal strand cells,
which were migrationally impaired, absorbed together with the
tail and remained in the tail debris of the juvenile, showed an
EGFP ﬂuorescence in the gut marker transgenic line, which emits
EGFP when gut cells differentiate (Fig. 1). In addition, Ci-Hox10
may not be necessary for anterior–posterior speciﬁcation of larval
endodermal cells (trunk endoderm versus endodermal strand) in
larvae, because endodermal strand cells in Ci-Hox10-knock-down
larvae expressed the reporter gene driven by Ci-Zip enhancer as in
control larvae. Therefore, Ci-Hox10 may be unnecessary forestablishing the anterior–posterior identity of endodermal cells,
but it is required to form the “posterior” structure of the endo-
derm, the intestine of juvenile gut.
Ci-COL9-1A, a downstream target of Ci-Hox10, has some var-
iants that differ in their 5′ regions. We found that expression
patterns of these variants were completely different (Fig. 6G and
H). These differences may be attributable to variant-speciﬁc
combinations of cis-regulatory sequences and transcription factors
that bind to cis-elements. There are two plausible mechanisms of
transcriptional regulation of Ci-COL9-1A by Ci-Hox10. If Ci-Hox10
directly regulates transcription of Ci-COL9-1A, Ci-Hox10 functions
as a repressor, because Ci-COL9-1A is negatively regulated by
Ci-Hox10. In this case, Ci-Hox10 may form a protein complex with
corepressor(s) such as Engrailed, Sloppy paired 1 and Smad6 (Bai
et al., 2000; Gebelein et al., 2004), or Ci-Hox10 may be a repressor
by itself. If Ci-COL9-1A is an indirect target of Ci-Hox10, Ci-Hox10
may upregulate expression of another transcription factor gene
that leads to suppression of Ci-COL9-1A. It is necessary to analyze
the cis-regulatory region of Ci-COL9-1A to identify the core ele-
ment for suppression of this gene in endodermal strand.
Previous studies in vertebrates have shown that Hox genes
regulate migration of cells (Creuzet et al., 2005; Geisen et al., 2008;
Watari-Goshima and Chisaka, 2011). Hox genes are necessary in
both migrating cells and in other cells at their destinations, which
provide cues to guide the migrants. In Ciona, Ci-Hox10 is expressed
in posterior trunk endoderm as well as in endodermal strand cells.
However, this study shows that at the onset of migration, endo-
dermal strand cells do not require cues from the trunk or tail tip to
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trunk endoderm (the destination of endodermal strand cells) does
not direct endodermal strand cells. How endodermal strand cells
determine their orientation is essential to understand their
migration. One possibility is that signaling cues are provided to
endodermal strand cells at a much earlier stage than the initiation
of migration. In this case, one or more cues may make endodermal
strand cells asymmetric along the A-P axis, resulting in the uni-
directional migration. Another possibility is that a mechanism that
speciﬁes the anterior–posterior axis of the tail region is also
involved in determination of the direction of endodermal strand
cell migration. A previous study has shown that retinoic acid (RA)
in tail epidermis forms a gradient along A-P axis at the tailbud
stage (Pasini et al., 2012). This gradient may provide the cue to
determine the direction of migration or polarity of endodermal
strand cells. The requirement for cell polarity in proper cell
migration is seen in the convergent extension of ascidian noto-
chord cells (Niwano et al., 2009; Shi et al., 2009). Even though this
kind of polarization could occur in endodermal strand cells, it may
be that the direction of endodermal strand cell migration is not
rigidly determined, since some endodermal strand cells migrated
posteriorly after they separated from other endodermal strand
cells (Supplementary Movie 1). Future studies of endodermal
strand cells will hopefully resolve these questions.
We demonstrated the requirement of Ci-MMP-2/9/13 for migration
of endodermal strand cells. MMPs cleave ECM proteins, including
collagen and gelatin (Nagase et al., 2006). Although our phylogenetic
analyses of MMP proteins conﬁrmed that Ci-MMP-2/9/13 shows
homology to both collagenase and gelatinase, MMP inhibitor treat-
ment demonstrated that collagenase is required for migration of the
endodermal strand. Taken together, we conclude that Ci-MMP-2/9/13
is necessary for migration of endodermal strand cells by virtue of its
proteolysis of collagen ﬁbers surrounding endodermal strand cells
(Fig. 9). In our experiments, MMP-8 inhibitor I strongly inhibited the
migration (Fig. 8D, Supplementary Fig. S5G and H). While we could
not ﬁnd a clear ortholog of human MMP-8 in the Ciona genome,
among MMPs in the phylogenetic tree, Ci-MMP-2/9/13 shows great-
est similarity to MMP-8 (Fig. 8A). Therefore, it is not surprising that
MMP-8 inhibitor I targets Ci-MMP-2/9/13 and inhibits migration of
the endodermal strand.
This study showed two aspects of endodermal strand cell
migration in regulation of collagen type IX function. First, loss of
Ci-COL9-1A impaired migration, suggesting that it is required.
Second, this gene is transcriptionally repressed by Ci-Hox10, and
Ci-COL9-1A protein can be subjected to proteolysis by an MMP
prior to migration. Therefore, the temporal decrease of Ci-COL9-1A
occurs prior to migration of endodermal strand cells. Type IX
collagen is a member of the FACIT (ﬁbril-associated collagen with
interrupted triple helix) family and a component of D-periodically
banded cartilage ﬁbrils (Shaw and Olsen, 1991; van der Rest and
Mayne, 1988). Proteins of this family are thought to serve as a
bridge between ﬁbrillar collagens and/or non-collagenous matrix
proteins (Eyre et al., 2004), suggesting that type IX collagens
control the integrity of the ECM that anchors cells and creates
scaffolds used for cell migration. Ci-COL9-1A may make the ECM
around endodermal strand cells suitable for migration (Fig. 9). In
the absence of Ci-COL9-1A, the ECM surrounding endodermal
strand cells may be insufﬁciently dense to support cell migration
with protrusions. In contrast, we think that too much Ci-COL9-1A
may leave the ECM too dense for endodermal strand cells to
migrate. Ciona larvae that overexpressed Ci-COL9-1A showed
normal migration of endodermal strand cells (Fig. 7B and D). This
can be explained by the activity of MMP: excessive Ci-COL9-1A
might be degraded by Ci-MMP-2/9/13. Therefore proteolytic reg-
ulation of Ci-COL9-1A by Ci-MMP-2/9/13 may be a major
mechanism to modify the ECM around endodermal strand. Partialdegradation of Ci-COL9-1A by MMP may render the ECM porous
enough that endodermal strand cells become motile at the
appropriate time. For this reason, regulation of MMP expression is
also important to remodel the ECM for migration of endodermal
strand cells. In microarray analysis we could not ﬁnd a difference
in Ci-MMP-2/9/13 expression between control and Ci-Hox10-MO-
injected larvae. This suggests that regulation of MMP expression is
independent of Ci-Hox10. As mentioned above, Ci-Hox10-knock-
down endodermal strand cells rarely extend protrusions. It is
unlikely that the loss of protrusions is caused exclusively by
abnormal Ci-COL9-1A expression. Therefore, we favor the idea that
Ci-Hox10 controls actin-mediated protrusion formation via a
pathway independent of Ci-COL9-1A (Fig. 9).Acknowledgments
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